Background Factors affecting risk for impingement and dislocation can be related to the patient, implant design, or surgeon. While these have been studied independently, the impact of each factor relative to the others is not known. Questions/purposes We determined the effect of three implant design factors, prosthetic placement, and patient anatomy on subject-specific ROM. Methods We virtually implanted hip geometry obtained from 16 CT scans using computer models of hip components with differences in head size, neck diameter, and neck-shaft angle. A contact detection model computed ROM before prosthetic or bony impingement. We correlated anatomic measurements from pelvic radiographs with ROM.
Introduction
Dislocation is often the most common major early complication after THA [12, 14, 29, 42, 48] . Clinical series of primary hip arthroplasty report incidences from 0.6% to 3% [9, 18, 26, 44, 46] , with even higher dislocation rates in certain subsets of primary patients (such as obesity and hip dysplasia) and after revision surgery [4, 7, 13, 16, 17, 20, 25, 27, 32] . ROM before impingement is an important indicator of joint stability, and surgeons often use it as an intraoperative test to assess hip stability [3, 22, 33, 36, 37] . ROM predicted by computer models also correlates with clinical hip dislocation rates [2, 34] .
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Factors specific to prosthetic design that can affect ROM include head size, head-neck ratio, and neck-shaft angle [11] . The ratio between the diameters of the head and neck affects the net ROM before impingement of the neck on the liner [6] . A larger head size increases the ROM and the distance the head has to translate before dislocating (sometimes called the ''jump distance'') [1, 5, 8] . The neck-shaft angle alters the position of the femoral shaft relative to the pelvis and can affect ROM.
While surgeons have the option of choosing among available designs, several additional factors are directly under their control. The type of surgical approach can have a major impact on the incidence of dislocation, with the anterolateral approach being protective against posterior dislocation [42, 46] . When using the posterior approach, preserving hip rotator muscles and repairing the capsule can reduce the risk for dislocation from 4.8% to less than 1% [43, 44] . Component orientation such as acetabular abduction and anteversion and femoral anteversion directly affect the joint angle where prosthetic impingement occurs [11] . Surgeons can adjust the neck length to modulate the passive tension in the soft tissues around the hip.
All of the above factors are implicated as affecting the incidence of hip dislocation. However, the relative contribution of these factors is unclear. Additionally, the importance of these factors in the context of variable bony anatomy is not known. We previously described a model computing ROM before prosthetic and bony impingement [22] . We found bony impingement substantially changed the ROM compared to when only prosthetic impingement was taken into account. In a probabilistic study of the same model, we reported means and SDs and predicted upper and lower bounds for the ROM given reported variability in acetabular component orientation [36] . We found the variation in implant position reported using surgical navigation did not result in poor ROM, while using the variation in implant position reported using manual instrumentation resulted in poor ROM in 3% to 5% of the 1000 trials analyzed. However, in those studies, since we only modeled the anatomy of one subject, we could not assess the effect of between-subject anatomic variation on hip ROM.
Restriction of passive hip ROM due to impingement is multifactorial and depends on anatomic morphology of the bones, implant design parameters, and implant orientation [11, 22, 36] . Our objectives were to determine (1) the variability in bony anatomy and the effect of bony impingement on restricting hip ROM; (2) the effect of common implant design factors, such as head size, neck diameter, and neck-shaft angle, relative to the patient's bony anatomy; and (3) whether anatomic landmarks obtained from routine radiographs of the hip predict ROM.
Materials and Methods
We screened all patients who underwent a CT scan of the hip during 2008 and excluded those with fractures, visible dysplasia, severe arthritis, or any visible deformity but included CT scans with 0.5-mm axial slice distance and that included the pelvis and the proximal 1/3 of the femur. This resulted in 16 CT scans for five men and 11 women, with a mean (± SD) age of 68 (± 15) years; six had evidence of early osteoarthritis, four were to rule out stress fractures, three had early avascular necrosis of the femoral head, two had a clinical diagnosis of femoroacetabular impingement, and one was for suspected sepsis. IRB approval and patient consents were obtained. CT scans were imported into a volume segmentation program (MIMICS 1 ; Materialise, Leuven, Belgium). The program reconstructed the surface geometry of the femur and pelvis as a triangle mesh. We chose an orthogonal coordinate system based on the recommendation of the International Society of Biomechanics [47] and oriented the pelvis so that the AP iliac spines were level and in the same frontal plane as the pubic symphysis (no lordosis or pelvic obliquity). We located the center of the natural femoral head by fitting a sphere to the articular surface of femoral head, using the same method to locate the center of the natural acetabulum. Then, we lined up the center of the femoral head with center of the acetabulum, orienting the long axis of the femur (the line joining the femoral head center to the midpoint of the intercondylar notch) perpendicular to the transverse axis of the pelvis (defining neutral hip abduction) and parallel to the frontal plane of the pelvis (defining neutral hip flexion). We used a line passing through the medial and lateral epicondyles to define neutral rotation of the femur. The center of the hip axis was located at the center of the head. In neutral position, the x-axis was pointed in the anterior direction, the y-axis superiorly, and the z-axis toward the medial aspect of the patient's right side ( Fig. 1 ). Flexion-extension around the pelvic z-axes (fixed to the pelvis) and axial rotation of the hip around the femoral y-axis (fixed to the femur) were described. The axis for abduction-adduction was the floating axis (perpendicular to both the y-and z-axes) [47] . We defined abduction of the acetabular cup from the horizontal line around the x-axis of the pelvis, whereas the true anteversion was the rotation of the cup around the y-axis of the pelvis (as opposed to apparent radiographic anteversion, which was rotation of the cup about its abducted axis).
We analyzed the Secur-Fit Max 1 and Super Secur-Fit 1 THA component designs (Stryker Orthopaedics, Mahwah, NJ). We chose these designs because of their overall similarities and availability in the different neck diameter and neck-stem angle options and because these design features are generic and broadly applicable to other designs. The Secur-Fit Max 1 had a neck diameter of 12.5 mm and the Super Secur-Fit 1 had a neck diameter of 11 mm. Both stem designs were available in 127°and 132°neck-stem angles. We paired all femoral component designs with the same acetabular component design (Trident 1 ; Stryker Orthopaedics). Each stem design was tested with 28-, 32-, and 36-mm-diameter heads. We obtained computer-aided design models from the manufacturer and converted them into triangle mesh surfaces (Fig. 2) . The major design differences analyzed were head diameter (28, 32, and 36 mm), neck diameter (12.5 and 11 mm), and neck-stem angle (127°and 132°).
We virtually implanted these models into each of the reconstructed anatomic models under the direction of a joint arthroplasty surgeon (CWC). In the computer model, we resected the bony anatomy of the femoral head and neck 13.5 mm above the lesser trochanter at a 45°to the vertical axis. Then, we reamed the natural acetabulum by creating a sphere (sphere diameter = outer diameter of cup). This sphere was subtracted (using Boolean subtraction) from the natural acetabulum to generate a surface resembling a reamed acetabulum. Next, we virtually implanted the hip components in the pelvis and the femur (Fig. 1 ). For initial placement, we chose the implant sizes and the locations of the cup relative to the pelvis and the stem relative to the femur. We used the equivalent of preoperative radiographic templating to select prosthetic size for best fit of the femoral stem in the femoral canal and the acetabular component in the acetabulum and for initial implantation position. We maintained the original hip center of rotation (center of the sphere defining the native acetabulum) and limb length (vertical level of tip of the lesser trochanter relative to the hip center) while aligning the long axis of the stem with the long axis of the intramedullary canal of the femur. The acetabular center was unchanged since the center of the acetabular component was lined up with the center of the natural acetabulum during the simulated implantation. We chose two implantation orientations for the acetabular component: anatomic and recommended. In the anatomic orientation, we aligned the component to the native acetabular abduction and anteversion, the cup was abducted and anteverted for maximum bony coverage in the socket, and the femoral stem was anteverted to match the natural anteversion of the femoral neck. In the recommended orientation, the cup was abducted 45°and anteverted 20°using the previously defined pelvic coordinate system.
A previously reported automated contact detection model [22] determined the ROM in each degree of freedom (flexion/extension, abduction/adduction, internal/external rotation) and the type of contact that occurred (implantimplant, implant-bone, bone-bone). We recorded impingement as prosthetic if the neck of the femoral component impinged on the liner (implant-implant) and as bony if either the pelvis or the femur was involved (implant-bone or bone-bone). Since we did not model the soft tissues, this represented the maximum possible ROM.
To determine potential for anterior dislocation, we recorded maximum extension with the hip at 30°abduction and 30°external rotation. To determine potential for posterior dislocation, we recorded maximum adduction with the hip at 90°flexion and 20°internal rotation. These compound motions simulated the typical intraoperative maneuvers we perform to assess hip stability.
We measured the following based on their potential effect on ROM using a plain AP radiograph of the pelvis (Fig. 3) : head diameter, acetabular inclination, neck diameter, acetabular depth ratio, the arc length between the tip of greater trochanter and ilium, the arc length between lesser trochanter and ischium, and the angle of the flare of the wing of the ilium.
We used repeated-measures ANOVA (Systat 1 ; Systat Software Inc, Chicago, IL) to determine differences between mean hip ROM among the design variable groups: head size, neck diameter, and neck-stem angle. We used linear regression (Systat 1 ) to determine the correlations between each of the anatomic measurements (head diameter, acetabular inclination, neck diameter, acetabular depth ratio, the arc length between the tip of greater trochanter and ilium, the arc length between lesser trochanter and ischium, and the angle of the flare of the wing of the ilium) on the pelvic radiograph and hip ROM.
Results
Measurements of hip morphometry on pelvic radiographs revealed substantial between-subject variability, with SDs ranging from 7% to more than 300% of the average value (Table 1 ). This variability in radiographic measurements was also reflected in the large SD bars in hip ROM ( Figs. 4-6) . These bars show the range of results in flexion, extension, abduction, adduction, and external rotation being 29°, 69°, 21°, 30°, and 37°, respectively. As a third measure, we compared average ROM between two implant positions: (1) cup and stem implanted for best fit to the subject's anatomy (ie, aligned to native acetabular abduction and anteversion and femoral anteversion) and (2) the commonly recommended orientation of 45°abduction and 20°anteversion. When we implanted the cup and stem for best fit to the subject's anatomy, excellent ROM (average flexion, 126°± 8°; average extension, 64°± 21°; average abduction, 70°± 3°; average adduction, 52°± 8°; average external rotation, 41°± 12°) was achieved in all directions (Fig. 4) . For comparison between the anatomic and recommended cup orientations, we averaged the ROM across all eight implant designs ( Fig. 4 ). Realigning the cup to the recommended orientation of 45°abduction and 20°anteversion did not change mean hip ROM in flexion (p = 0.13) or external rotation (p = 0.16) but reduced ROM in abduction (p \ 0.001), adduction (p = 0.02), and extension (p = 0.01). Internal rotation was always above 80°. These data are not included as being unlikely to be affected by prosthetic or bony impingement.
Increasing head size from 28 to 36 mm increased ROM between 0°and 6.5°(most commonly in extension and abduction) ( Fig. 5 ). Reducing neck diameter only increased extension and abduction (maximum mean increase, 6°) ( Fig. 5) . A 127°neck-shaft angle had mixed results: modestly increasing flexion at the expense of abduction (Fig. 5) . Neck diameter and neck-shaft angle, but not head size, influenced ROM in the direction of maximum risk for anterior dislocation. The thinner diameter increased ROM (p = 0.003) before impingement by a mean of nearly 10°and the 127°neck-shaft angle increased ROM (p \ 0.01) before impingement by nearly 5° (Fig. 6 ).
To determine potential for posterior dislocation, we recorded maximum adduction with the hip at 90°flexion and 20°internal rotation. Neck diameter and neck angle also influenced the ROM in the direction of maximum risk for posterior dislocation (Fig. 5B ). Although significant (p = 0.005), the increase in ROM due to the smaller neck diameter was small (2°) for posterior dislocation. Additionally, reducing the neck angle increased the risk for posterior dislocation while reducing the risk for anterior dislocation. The combined effect of head size, neck diameter, and neck angle increased ROM in the direction at risk for anterior dislocation by 17°(± 19°) and for posterior dislocation by 10°(± 5°). On analysis of plain AP radiographs, mean head size was 51 mm (± 4 mm), mean neck diameter was 41 mm (± 4 mm), mean anatomic acetabular inclination was 41°( ± 2°), and mean acetabular depth ratio was 460 (± 60). Hip flexion correlated (R 2 = 0.59, p = 0.03) with acetabular abduction angle and the angle of the flare of the iliac wing. Hip abduction correlated (R 2 = 0.50, p = 0.05) with the angle of the flare of the iliac wing and the length of the arc from the tip of the greater trochanter to the ilium. We observed no correlations between hip ROM and head size, neck diameter, or mean acetabular depth ratio.
Discussion
Factors implicated in hip dislocation include the patient's anatomy, implant design features, and surgical placement [1, 5, 6, 8, 11] . However, the magnitudes of the contributions of these factors, singly and in combination, are not fully known. Newer designs are being developed and marketed to reduce impingement, and computer-assisted navigation systems are being utilized to improve surgical alignment. However, the importance of these factors in the context of variable bony anatomy is unknown. In this study, we took a subject-specific approach to determine the variability in bony anatomy and the effect of bony impingement on restricting hip ROM. We compared the effect of common and broadly applicable implant design factors, such as head size, neck diameter, and neck-shaft angle, and measured anatomic landmarks on pelvic radiographs in an attempt to predict hip ROM.
Our study included some limitations. First, we ignored any influence of soft-tissue tightness or impingement on hip ROM. Therefore, our model predicted the maximum possible ROM, which supported the analysis of the maximum effect that each variable we studied had on hip ROM. Second, we only analyzed the ROM before impingement. Hip dislocation involves levering of the head out of the socket after impingement, and a larger head size may improve resistance to dislocation, even if the ROM to impingement remains the same. However, surgeons commonly use hip ROM as a marker for hip dislocation, which correlates with hip dislocation [2, 34] . Third, femoral stem anteversion and combined anteversion of the cup and stem were also important factors that could influence ROM. In addition, we restricted our study to the effect of anatomic variables relative to implant design variables. Fourth, we studied only design variations from one manufacturer. Additional features that are more specific to individual designs, such as the depth of the cup design (whether greater than or less than a hemisphere), and the crosssectional geometry of the neck (trapezoidal versus circular), can also influence ROM. Nevertheless, we selected generic design variables that can be extrapolated to a wide set of designs.
The variation in ROM among subjects was high: with the range of differences in flexion, extension, abduction, adduction, and external rotation being 29°, 69°, 21°, 30°, and 37°, respectively. This range of differences was much higher than the change in ROM generated by individual design parameters (such as differences in head-neck ratio, 6.5°) or component orientation (between ideal and anatomic, 7°). When implants were positioned to minimize impingement, bony impingement became much more common than prosthetic impingement [22] . Under these circumstances, modest gains ([ 6.5°) in ROM were achieved by increasing head size from 28 to 36 mm. These gains were most commonly noted in extension and abduction, the directions in which prosthetic impingement was more often the restricting factor than in flexion and adduction. Since the average ROM in abduction and extension with the smallest head size (28 mm) and the largest neck diameter (12.5 mm) was high (approaching 60°), the clinical value of further increases in ROM was questionable. These values were similar to the ROM reported before prosthetic impingement when implants were positioned at or near optimum orientation [11, 38, 45] .
We previously identified ''safe zones'' for orienting acetabular and femoral components to minimize prosthetic impingement [11] . Computer models from other investigators also predicted similar combinations of orientations as being optimal [45] . However, these computer models did not account for bony impingement. We found bony impingement substantially altered the ROM and moderated the magnitude of benefit of several implant design features, including head size [22] . Our results indicated a single cup position generating an optimal ROM in all patients was elusive. Aligning the components directly to the variable patient anatomy resulted in overall excellent ROM. Aligning the components in the recommended orientation of 45°abduction and 20°anteversion did little to improve overall hip ROM from the perspective of implant stability. Aligning the acetabular component to the patient's acetabulum had the added advantage of maximizing bony coverage, which could be important in cementless cups. Since patient-related factors overshadowed individual parameters of implant design, cup position should be tailored to the individual patient and corrected only to address the direction of restricted ROM (without jeopardizing implant wear performance and interface stability).
Implant design parameters affected ROM and the potential for dislocation. We previously reported increasing head size from 22 to 32 mm increased ROM before prosthetic impingement by approximately 15°to 20° [11] . However, when bony impingement was also taken into account, ROM reduced in up to 44% of the conditions tested [22] . One study in a cadaver bone model reported increases of ROM between 10°and 20°when head size was increased from 22 to 32 mm, which was relatively higher than in our study [6] . One explanation for this difference was that the neck diameter appeared larger than that used in our study, resulting in higher incidence of prosthetic impingement. In our study, gains in ROM due to changes in individual design parameters were not impressive, especially when compared to the variability within subjects. While individual design features had a modest effect on risk for dislocation, the combination of head size, neck diameter, and neck-shaft angle resulted in a more sizeable improvement in reducing impingement in the direction of anterior dislocation (17°± 19°) and posterior dislocation (10°± 5°).
We compared the ROM predicted by our model to previously published reports ( Table 2 ). The wide variation in clinically reported ranges can be attributed to differences in implant design, surgical technique, patient population, and method of measuring ROM. In general, clinical ROMs after THA were lower than our results. Davis et al. [10] reported 9% of 1517 hips with high motion (flexion [ 115°, abduction [ 25°, and external rotation [ 20°). Since we placed our components in ''optimal'' alignment and did not simulate the soft tissues, our results reflect the scenario of maximum possible ROM achievable before prosthetic or bony impingement. Relative differences reported in ROM due to differences in head size were similar to our findings: ranging from a average 4°i mprovement in maximum flexion (between 28-mm and 32-to 60-mm head sizes) [49] to a 9°improvement (between 26-mm and 32-mm head sizes) [28] . A cadaver study, which permits paired comparison in the same anatomy, reported an improvement of only 1.7°in maximum flexion (between 28-mm and 32-mm head sizes) [3] .
Surgeons routinely obtain a preoperative, plain AP radiograph of the pelvis, which provides useful information about anatomic landmarks. We presumed an arc described between tip of the greater trochanter and the pelvis would correlate with hip abduction, and a similar arc described between the tip of the lesser trochanter and the pelvis would correlate with hip adduction. We also anticipated the head-neck ratio of the native femur would correlate with overall hip ROM before bony impingement (similar to the correlation of prosthetic head-neck ratio with ROM). Hip abduction correlated with the length of the arc from the tip of the greater trochanter to the ilium. Hip flexion also correlated with the measured anatomic acetabular abduction angle. Although statistically significant, the strength of these correlations (r 2 \ 0.6) was not sufficient to accurately predict ROM on a subject-specific basis; therefore, we did not succeed in our third goal of predicting anatomic landmarks from routine pelvic radiographs.
In summary, variability in ROM among subjects is higher than the increased ROM generated by individual prosthetic design features implant design. The small differences in ROM between anatomic placement or placement of the components in the recommended 45°abduction and 20°a nteversion indicates surgeons can tailor implant placement to each patient without compromising ROM if maximizing bony coverage is necessary. Individual prosthetic design features have small effects on ROM and even an increase in head size from 28 to 36 mm generated only modest increases in ROM. Combinations of multiple design features can increase ROM by more than 10°; however, once bony impingement becomes the restricting factor, further changes in implant design may not improve ROM. Measurements from plain radiographs appear unlikely to provide information that predicts individual ROM.
